Heat shock protein 90 (HSP90) inhibition is an attractive strategy for cancer treatment. Several HSP90 inhibitors have shown promising effects in clinical oncology trials. However, little is known about HSP90 inhibition-mediated bladder cancer therapy. Here, we report a quantitative proteomic study that evaluates alterations in protein expression and histone post-translational modifications (PTMs) in bladder carcinoma in response to HSP90 inhibition. We show that 5 HSP90 inhibitors (AUY922, ganetespib, SNX2112, AT13387, and CUDC305) potently inhibited the proliferation of bladder cancer 5637 cells in a dose-and time-dependent manner. Our proteomic study quantified 518 twofold up-regulated and 811 twofold down-regulated proteins common to both AUY922 and ganetespib treatment. Bioinformatic analyses revealed that those differentially expressed proteins were involved in multiple cellular processes and enzyme-regulated signaling pathways, including chromatin modifications and cell death-associated pathways. Furthermore, quantitative proteome studies identified 14 types of PTMs with 93 marks on the core histones, including 34 novel histone marks of butyrylation, citrullination, 2-hydroxyisobutyrylation, methylation, O-GlcNAcylation, propionylation, and succinylation in AUY922-and ganetespib-treated 5637 cells. Together, this study outlines the association between proteomic changes and histone PTMs in response to HSP90 inhibitor treatment in bladder carcinoma cells, and thus intensifies the understanding of HSP90 inhibition-mediated bladder cancer therapeutics.
Bladder cancer is the second most common genitourinary malignancy and the fourth most commonly diagnosed cancer in males in the United States 1 . Although there has been slow yet steady progress in the development of novel chemotherapeutic strategies for the management of advanced bladder cancer in the past two decades [2] [3] [4] , current chemotherapy confers only a modest survival benefit for patients with bladder cancer, with only a small number of patients achieving long-term disease control. Health care costs, which are significant for patients diagnosed with bladder cancer, are estimated to be $4 billion per year in the United States alone. From both clinical and economic perspectives, better treatment strategies are needed for these patients.
The exploration of innovative and effective cancer treatment options has resulted in a shift in the focus of drug development from cytotoxic compounds towards targeted therapeutics that act on specific molecular targets responsible for the malignant phenotype. One promising approach is the pharmacological targeting of heat shock protein 90 (HSP90) [5] [6] [7] . HSP90 is a molecular chaperone that plays an important role in protein folding and stability of client proteins [5] [6] [7] . Thus far, over 400 HSP90 client proteins have been identified (see http://www.picard.ch/downloads/Hsp90interactors.pdf.), . HSP90 is overexpressed in many tumors, with expression levels correlating with prognosis [9] [10] [11] . Inhibition of HSP90 function leads to the degradation of multiple oncogenic client proteins involved in tumor progression, resulting in a loss of signal transduction, growth inhibition, anti-angiogenesis, and cell death; therefore, multiple signaling pathways are simultaneously blocked by HSP90 inhibition 11, 12 . Inhibition of HSP90 has resulted in significant antitumor effects in multiple cancer animal models 13 . It has even been demonstrated as a clinical relevant biomarker in urothelial carcinoma 14 . Therefore, over 19 HSP90 inhibitors have been manufactured for the treatment of cancer in recent years, and 100 clinical trials have been undertaken to evaluate the efficacy of HSP90 inhibitors in cancer patients [15] [16] [17] [18] [19] . Among the HSP90 inhibitors, AUY922 (luminespib) 20, 21 , ganetespib (STA9090) 22, 23 , SNX2112 24, 25 , AT13387 (onalespib) 26 , and CUDC305 27, 28 are novel, non-geldanamycin-derivative HSP90 inhibitors that have shown significant antitumor activity in a wide range of cancer cell lines, primary tumor cells, and animal cancer models 6, 7, 29 . Some of the preclinical activity has been observed in clinical oncology trials 29, 30 . However, the effect and mechanism of HSP90 inhibitors in bladder carcinoma remains unclear. In the current study, we explored the efficacy of HSP90 inhibitors against bladder cancer. We demonstrate that AUY922, ganetespib, SNX2112, AT13387, and CUDC305 individually exerted a potent inhibitory effect on the growth and proliferation of human bladder cancer 5637 cells in a time-and dose-dependent manner. HSP90 inhibitors also had differential effects on cell survival and death between urothelial bladder carcinoma cells and human uroepithelial cells. Our quantitative proteomic analysis further revealed that both AUY922 and ganetespib independently induced dynamic changes in global protein expression including chromatin regulatory proteins, and that these alterations in protein levels were associated with 14 types of histone post-translational modifications (PTMs), suggesting a role for epigenetic modification in the antitumor activity of HSP90 inhibitors against bladder carcinoma. This study therefore expands our understanding of the role of HSP90 in bladder cancer and significantly furthers our mechanistic understanding of HSP90 inhibitor-mediated bladder cancer therapy.
Results

HSP90 inhibitors suppress cell proliferation and induce cell apoptosis in bladder cancer cells.
To investigate the effect of HSP90 inhibitors (AUY922, ganetespib, SNX2112, AT13387, and CUDC305) on bladder cancer cell growth and proliferation, we chose the human epithelial bladder cancer cell line 5637, which is a commonly used cell line as a model for studying bladder carcinoma. The dose-response of HSP90 inhibitor inhibition of the growth of 5637 cell line was characterized in vitro using the MTS assay. All of the drugs (AUY922, ganetespib, SNX2112, AT13387, or CUDC305), studied at concentrations of 0.01 nM to 100 μM, caused dose-dependent inhibition of the proliferation of 5637 cells at 24, 48, or 72 h ( Table 1) . As shown in Fig. 1 , the half-maximal inhibitory concentration (IC 50 ) values of the 5 HSP90 inhibitors at 72 h ranged 0.64 to 200 nM in 5637 cells. These results indicate that these HSP90 inhibitors potently inhibit cell proliferation and induce cell toxicity in bladder cancer 5637 cells. Similar effects of the HSP90 inhibitors were observed in several other human bladder carcinoma cell lines, including RT112, RT4, T24, T24T, FLT3, SLT3, UMUC3, UMUC5, UMUC14 (data not shown), suggesting that it is a general antitumor activity for HSP90 inhibitors in human bladder cancer cells. However, 24-h treatment did not have a dramatic effect on cell viability, suggesting that extended exposure to HSP90 inhibitors is required for them to exert their activity on cell growth and death.
To confirm the antitumor effect of HSP90 inhibitors in 5637 bladder cancer cells, we assessed cell viability by staining cells with live and dead cell-specific dyes using the Celigo ® Image Cytometry System. Treatment with AUY922, ganetespib, SNX2112, and AT13387 significantly reduced cell survival as assessed by cell viability staining. The percentages of live cells for 5637 were 37.99, 32.27, 37.32, and 35.30% in the AUY922, ganetespib, SNX2112, and AT13387 groups, respectively, as compared with the untreated control group ( Fig. 2A) . Similar data for the HSP90 inhibitors were obtained from UMUC1 and UMUC3 bladder carcinoma cells via assessment of cell viability (data not shown). However, the clinical use of HSP90 inhibitors will be linked to their safety, particularly the lack of toxicity in normal cells. Therefore, we evaluated the effect of HSP90 inhibitors on cell viability in a nontumorigenic human uroepithelial cell line, SV-HUC. The cell viability data showed that the percentages of viable cells for SV-HUC were 86.04, 78.08, 82.29, and 86.87% in the AUY922, ganetespib, SNX2112, and AT13387 groups, respectively ( Fig. 2A) , more than twofold higher than those for the bladder cancer cell line 5637 (p < 0.05), indicating a differential effect of the HSP90 inhibitors on cell viability between the human epithelial bladder carcinoma cell line 5637 and the human uroepithelial cell line SV-HUC. Similarly, HSP90 inhibitors had differential inhibitory To further verify the differential cytotoxic activity of HSP90 inhibitor between urothelial bladder carcinoma cells and nontumorigenic human uroepithelial cells, we performed caspase 3/7 assays measuring caspases 3 and 7 activity in apoptotic cells using the Celigo image cytometer. As seen in Fig. 2B , the percentages of apoptotic caspase 3/7 positive cells for 5637 cells were 51.53, 47.42, 54.46, and 31.66% in the AUY922, ganetespib, SNX2112, and AT13387 groups, respectively, whereas the percentages of caspase 3/7 positive cells for the control SV-HUC cells were 16.29, 18.32, 18 .60, and 11.17% in the AUY922, ganetespib, SNX2112, and AT13387 groups, respectively, thus showing nearly threefold differences in percentages of caspase 3/7 positive cells between the bladder cancer cells and the control cells (p < 0.05). These results indicate that HSP90 inhibitors are much more potent at inducing apoptotic cell death in human urothelial bladder cancer 5637 cells than human uroepithelial SV-HUC cells. Similar differential effect data for triggering apoptosis by the HSP90 inhibitors were also obtained between bladder carcinoma UMUC3 cells and uroepithelial SV-HUC cells (data not shown). Since the cytotoxic activity of AUY922 and ganetespib was more potent than other HSP90 inhibitors examined in 5637 cells, we chose these HSP90 inhibitors for the following proteomic experiments.
HSP90 inhibitors stimulate dynamic changes of global protein expression in bladder carcinoma cells. To elucidate the mechanisms underlying the effect of HSP90 inhibitors on cell proliferation and cytotoxicity in bladder cancer cells, the whole cell proteome profiles of the HSP90 inhibitor-treated and -untreated 5637 cells were compared using quantitative proteomic studies. Differentially expressed proteins were identified and quantified by nanospray HPLC-MS/MS mass spectrometry. A total of 5481 non-redundant unique proteins were identified in both HSP90 inhibitor-treated and -untreated 5637 cells with 95% confidence. Of these, 4348, 4269, and 4615 were quantified in AUY922-treated, ganetespib-treated, and untreated cells, respectively. 3428 proteins were common to both HSP90 inhibitor-treated cells and -untreated cells.
Compared with the untreated control, there were 5170 differentially expressed proteins in AUY922-treated 5637 cells, including 2505 up-regulated proteins (997 ≥twofold up-regulated proteins) and 2665 down-regulated proteins (1301 ≥twofold down-regulated proteins). The fold changes ranged from 34.29 to −86.28, and 1405 of these proteins (both up-and down-regulated proteins) showed more than tenfold increased or decreased. For the ganetespib-treated 5637 cells, a total of 5187 proteins were differentially regulated; 2566 were up-regulated (1155 ≥twofold up-regulated) and 2621 down-regulated (1405 ≥twofold down-regulated). The fold changes ranged from 76.39 to −15.79, and 1524 of these proteins (both up-and down-regulated proteins) showed more than tenfold increased or decreased. 518 ≥twofold up-regulated proteins and 811 ≥twofold down-regulated proteins were common to both AUY922-treated and ganetespib-treated 5637 cells.
Functional classification of differentially expressed proteins in bladder cancer cells following HSP90 inhibitor treatment.
To gain an initial understanding of the role and function of the identified proteins between the HSP90 inhibitor treated and untreated 5637 bladder cancer cells, we merged the protein datasets and used pathway software to provide a descriptive analysis. The functional correlation analysis of the differentially regulated proteins was done by database search using UniProt, Swiss-Prot, and the PANTHER classification systems (http://www.pantherdb.org). The categorization of differentially expressed proteins (≥2-fold up-regulated or down-regulated proteins) according to their molecular function and biological processes is shown in Fig. 3 . These data are based on a compilation of proteins from the ganetespib-treated cell samples The ability of HSP90 inhibitors to inhibit cell growth and proliferation was determined by the MTS assay, as described in the "Methods". Cell viability values are expressed relative to those for cells with no HSP90 inhibitor exposure (control value, 100%). The results represent the means ± SD of three independent experiments. MTS,
and are presented to demonstrate the range of molecular functions (Fig. 3A) and biological processes (Fig. 3B) represented by the identified proteins. Based on molecular function (Fig. 3A) , the most general categories of ≥2-fold up-regulated proteins in ganetespib-treated cells were catalytic activity (33.8%), binding activity (29.6%), enzyme regulator activity (8.3%), structural molecule activity (7.8%), receptor activity (6.8%), transporter activity (6%), and nucleic acid binding transcription factor activity (5.5%). ≥Twofold down-regulated proteins in ganetespib-treated cells related to 12 biological processes (Fig. 3B) , including metabolic process (34.7%), cellular process (22.9%), biological regulation (10.6%), localization (8.4%), cellular component organization or biogenesis (5.8%), developmental process (5%), response to stimulus (4.9%), and immune system process (3.5%).
A majority of the molecular functions and biological processes were affected in both AUY922-treated and ganetespib-treated bladder cancer cells. Although ganetespib caused more differentially expressed proteins (2560 ≥2-fold deregulation; 1155 ≥2-fold up-regulated and 1405 ≥2-fold down-regulated) than those caused by AUY922 (2298 ≥2-fold deregulation; 997 ≥2-fold up-regulated and 1301 ≥2-fold down-regulated proteins), the percentages of proteins in each category of the molecular function and biological process were similar between the ganetespib-treated (Fig. 3A and B) and AUY922-treated (data not shown) 5637 cells. We also compared the up-regulated proteins and the down-regulated proteins, and we showed that there were no significant differences for the percentages of proteins in each category of the molecular function and biological process between the AUY922-treated and ganetespib-treated 5637 cells (data not shown), suggesting that both AUY922 and ganetespib exert similar actions on functional categories in our cell model of bladder cancer.
Biological pathway analysis of differentially expressed proteins using KEGG and Ingenuity pathway analysis. Next, we performed molecular pathway analysis in order to explore which cellular signaling pathways were affected by HSP90 inhibition in bladder cancer cells. We used KEGG pathway analysis to identify the biological pathways of the proteins that were significantly differentially expressed (≥twofold up-regulated or down-regulated) in the HSP90 inhibitor-treated 5637 cells. Pathway analysis using the KEGG database by the DAVID bioinformatics resources tool showed that the down-regulated proteins were associated with multiple pathways, such as oxidative phosphorylation, cell cycle, glutathione metabolism, bladder cancer, notch signaling pathway, and all major annotated DNA metabolism pathways and nucleotide related processes, including pyrimidine and purine metabolism, RNA polymerase, spliceosome, basal transcription factors, nucleotide excision repair, and DNA replication ( Table 2) . We also performed the same analysis for HSP90 inhibitor up-regulated proteins, which were enriched in multiple different metabolism pathways including steroid biosynthesis, N-glycan biosynthesis, valine, leucine and isoleucine biosynthesis, inositol phosphate metabolism, terpenoid backbone biosynthesis, pantothenate and CoA biosynthesis, and several protein degradation-related cellular processes, such as ubiquitin-mediated proteolysis, endocytosis, SNARE interactions in vesicular transport, adherens junctions, regulation of the actin cytoskeleton, the phosphatidylinositol signaling system, and the ErbB signaling pathway ( Table 2) .
We also analyzed the differentially expressed proteins in ganetespib-treated 5637 cells using Ingenuity Pathway Analysis (IPA) and showed that the primary pathways for the deregulated proteins (both ≥twofold up-regulated and down-regulated) are the protein ubiquitylation pathway, molecular transport, mitochondrial dysfunction, oxidative phosphorylation, 3-phosphoinositide biosynthesis, cholesterol biosynthesis, triacylglycerol biosynthesis, actin cytoskeleton signaling, notch signaling, PI3K/AKT/mTOR signaling, ErbB signaling, oxidative stress response, autophagy, nucleotide excision repair pathway, cell cycle regulation, and apoptosis signaling, which were largely consistent with the pathway analysis results using the KEGG database.
Antitumor effect of HSP90 inhibitors in bladder cancer cells is mediated via modulation of protein expression in cell death-associated signaling pathways. Given that HSP90 inhibitors have been shown to exert a variety of anticancer activities in different types of tumors and that both AUY922 and Table 1 ), we explored the mechanism underlying the effect of HSP90 inhibitors on cell proliferation and cytotoxicity. We performed proteomic analyses of the HSP90 inhibitor-responsive proteome for pathways involved in cell death, and identified the differentially expressed proteins related to cell death in the cell cycle, apoptosis, oxidative stress, autophagy, and DNA damage repair pathways in response to HSP90 inhibitor treatment. Table 3 shows part of the differentially expressed proteins involved in cell death in both AUY922-and ganetespib-treated 5637 cells. These include 48 proteins involved in cell cycle progression, 23 proteins associated with the apoptosis process, 41 proteins in various DNA damage repair pathways, and 16 proteins involved in reactive oxygen species (ROS) generation and autophagy regulation. The functions and levels of the proteins in each pathway are listed in the table. Similar results were obtained in human urothelial bladder cancer UMUC3 cells treated with the HSP90 inhibitors (see Supplemental Table S1 ).
Heat shock protein 90 inhibitor treatment alters the levels of chromatin regulatory enzymes and proteins in bladder cancer cells. Next, we quantified dynamic change in global protein abundance of the chromatin-modifying enzymes and proteins in HSP90 inhibitor-treated 5637 bladder cancer cells. Unexpectedly, we found that the protein levels of HDAC1, HDAC2, and HDAC3 in the deacetylation complexes of Mi-2/NuRD, CoREST, NcoR, SMRT, and Sin3 were all down-regulated in both AUY922-and ganetespib-treated cells. As seen in Table 4 , treatment with AUY922 and ganetespib induced 2.3-fold and 1.6-fold down-regulation for HDAC1, 2.4-fold and 1.4-fold down-regulation for HDAC2, and 3.0-fold and 2.6-fold down-regulation for HDAC3, respectively. The levels of NAD-dependent protein deacetylase sirtuin-3 were also significantly reduced in response to AUY922 or ganetespib exposure (Table 4 ). In contrast, the levels of the lysine acetyltransferases HAT1, KAT6A, KAT7 and CREBBP were all elevated following HSP90 inhibitor induction (Table 4 ). In addition, the protein levels of the lysine demethylases KDM1A, KDM2A, and KDM4B for H3K4, H3K9, and H3K36 demethylation were decreased, while the levels of the lysine demethylases KDM5A and PHF2 for H3K4 and H3K9 demethylation were increased in HSP90 inhibitor-treated cells (Table 4) . Furthermore, AUY922 or ganetespib up-regulated the expression of the lysine methyltransferases EHMT2, KMT2A, SUV39H1, NSD1, and EZH2 for H3K4, H3K9, H3K27, H3K36, and H4K20 methylation, but down-regulated the expression of the lysine methyltransferases SUV420H2, SETD2, and DOT1L for H3K36, H3K79, and H4K20 methylation in 5637 cells (Table 4) . Interestingly, we found that the levels of 6 chromatin-remodeling proteins in the complexes of SWI/SNF and NuRD/Mi-2 were markedly altered in cells treated with both HSP90 inhibitors (Table 4) . For instance, AUY922 and ganetespib caused 2.2-fold and 1.7-fold reduction for SMARCC1, 1.6-fold and 2.3-fold reduction for ACTL6A, 3.1-fold and 1.2-fold reduction for CHD3, and 3.1-fold and 2.2-fold reduction for CHD4, respectively. Finally, the levels of 2 histone-binding proteins and 18 proteins involved in transcriptional regulation were also altered in this cell model after AUY922 or ganetespib treatment. These 18 proteins include 2 proteins involved in transcription activation, 13 proteins acting as repressors or corepressors, and 3 proteins playing dual roles as activator and repressor or coactivator and corepressor in the regulation of gene expression. Similar proteomic data were obtained in UMUC3 bladder carcinoma cells treated with the HSP90 inhibitors (see Supplemental Table S2 ). These results suggest that the alterations in the levels of chromatin-modifying enzymes and proteins may contribute to the altered expression of proteins, including cell death associated proteins in HSP90 inhibitor-treated bladder cancer cells.
HSP90 inhibition modulates post-translational modifications of histones in bladder carcinoma
cells. Given that HSP90 inhibitors caused alterations in the levels of histone-modifying enzymes and protein expression in bladder cancer cells, and that histone modifications play essential roles in the control and regulation of gene expression, we investigated the effect of HSP90 inhibitors on histone post-translational modifications (PTMs) in 5637 cells.
To assess the impact of HSP90 inhibitors on site-specific PTMs of histones, we applied quantitative proteomics to profile histone PTMs in 5637 cells after AUY922 or ganetespib treatment, followed by protein sequence database searches for peptide identification and PTM site mapping. The diagram of Fig. 4 shows that a total of 14 different types of PTMs on the core histones were identified, including 7 recently identified histone PTM types, such as butyrylation, citrullination, O-GlcNAcylation, 2-hydroxyisobutyrylation, malonylation, propionylation, and succinylation. We also analyzed several other types of histone PTMs, including ADP-ribosylation, biotinylation, and crotonylation; however, we did not find these three types of histone PTMs in HSP90 inhibitor-treated 5637 cells (data not shown).
Furthermore, 47 PTM sites with 93 histone marks on the N-terminal tails of core histones were detected in AUY922-and ganetespib-treated 5637 cells, including 16 acetyl (ac) marks, 2 butyryl (bu) marks, 6 citrulline (ci) marks, 8 dimethyl (me2) marks, 1 2-hydroxyisobutyryl (hib) mark, 21 monomethyl (me1) marks, 1 malonyl (ma) mark, 3 O-GlcNAcyl (og) marks, 5 oxidation (ox) marks, 3 phosphoryl (ph) marks, 9 propionyl (pr) marks, 4 succinyl (su) marks, 4 trimethyl (me3) marks, and 10 ubiquityl (ub) marks (Fig. 4 and Table 5 ). To our knowledge, 34 of these histone marks have not been reported in any species in the past, including H2BK34ac, H4K20bu, H2AR88ci, H3R42ci, H3R116ci, H4R23ci, H4R55ci, H4R92ci, H4K20hib, H2AD90me1, H2AE91me1, H2AK119me1, H2BE93me1, H3R40me1, H3R42me1, H3R83me3, H4D24me1, H4E52me1, H4E53me1, H4R55me2, H2AS122og, H3T45og, H4T30og, H3Y41ox, H4Y51ox, H2BT96ph, H2AK118pr, H2AK119pr, H2BK46pr, H2BK108pr, H3K122pr, H4K20pr, H4K20su, and H4K79ub [31] [32] [33] . Intriguingly, we observed that PTM sites were differentially identified in core histones. For example, we only detected acetylation but not methylation on 9 histone sites (H2BK34ac, H3K9ac, H3K14ac, H3K18ac, H3K23ac, H3K56ac, H4K12ac, H4K16ac and H4K79ac), whereas only mono-methylation but not acetylation was detected on 15 histone sites (H2AD90me1, H2AE91me1, H2BK46me1, H2BE93me1, H2BK108me1, H3K36me1, H3K37me1, H3R40me1, H3R42me1, H3R83me1, H4R23me1, H4D24me1, H4K31me1, H4E52me1, and H4E53me1). Moreover, we showed that multiple PTMs were detected on single histone sites, including H2AK118, H2AK119, H2BK46, H2BK108, H3K27, H3K36, H3K37, H3Y41, H3R42, H3K56, H3K79, H3R83, H3K122, H4K20, H4R23, H4K31, H4R55, and H4K79 (Fig. 4) . Representative spectra of modified histone peptides are shown in Fig. 4C-F , including the spectra for peptides of histone H4K20bu, H4R23me3, H2BK46pr, and H3K122su. In addition, some selected PTM sites identified on the core histones and the corresponding modified peptide sequences in HSP90 inhibitor-treated 5637 cells are listed in Table 6 .
To validate the histone PTM results from the quantitative HPLC/MS/MS analysis, we performed western blot analysis with sequence-specific antibodies to examine the dynamic change of histone modification sites upon HSP90 inhibitor treatment of 5637 cells. Consistent with the data obtained in the HPLC/MS/MS approach, our western blot data showed clear increases in the global acetyl-histone H3 and H4, as well as specific histone modifications including H3K18ac, H3K27ac, H3K79me1, H3K79me2, H4K12ac, and H4K20me3 following exposure to AUY922, ganetespib, and SNX2112 (Fig. 5) . Similar results were also obtained in UMUC3 human bladder carcinoma cells induced with the same HSP90 inhibitors (data not shown). However, our experiment showed that the levels of H3K23ac were reduced in 5637 cells in response to AUY922 or ganetespib (data not shown). In addition, because some histone marks such as H3K4me and H4K8ac were not identified in HSP90 inhibitor-treated 5637 cells due to the fact that the peptide fragments containing these histone marks were too short to be detected by proteomics, we assessed the PTMs of H3K4 and H4K8 in our cell model systems by immunoblotting. Unexpectedly, we found marked increases in H3K4me1 and H3K4me3 in the three HSP90 inhibitor-treated 5637 cells (Fig. 5A) . Interestingly, elevated levels of H3K4me2 and H4K8ac were observed only in HSP90 inhibitor-treated UMUC3 but not in 5637 cells (data not shown). Collectively, the profiles of histone PTMs in response to HSP90 inhibitor treatment indicate a marked impact of HSP90 inhibition on epigenetic modifications in bladder cancer cells.
Discussion
Although HSP90 inhibitors have been evaluated on multiple regimens in different types of tumors, there is no HSP90 inhibitor currently in clinical trial for urinary bladder cancer. In the present study, we provide evidence supporting in vitro antitumor activity of the HSP90 inhibitors AUY922, ganetespib, SNX2112, AT13387, and CUDC305 in human bladder carcinoma cells. We also showed that HSP90 inhibitors have differential cytotoxic activity between urothelial bladder cancer cells and nontumorigenic human uroepithelial cells. Further, our quantitative proteomic analysis identified 5481 proteins, among which 518 proteins were twofold up-regulated and 811 proteins were twofold down-regulated in both AUY922-and ganetespib-treated 5637 cells. The subsequent bioinformatic analysis revealed that those quantifiable proteins were mainly involved in cellular metabolism and cell death-associated processes, including cell cycle progression, apoptotic cell death, DNA damage repair, oxidative stress, and autophagy regulation ( Table 3 ), suggesting that those proteins in these pathways are involved in HSP90 inhibitor-induced cell death in 5637 bladder carcinoma cells.
Regulation of protein abundance in the cell is mainly through transcriptional and post-transcriptional mechanisms. Chromatin modification is one of the major epigenetic mechanisms 34, 35 , encompassing ATP-dependent chromatin remodeling and various histone modifications 36 . Chromatin modifications modulate transcription by altering the accessibility of DNA to the regulatory transcription machinery proteins, and binding of regulatory proteins (e.g., transcription factors or repressors) to the promoter sequence of a gene resulting in activation or blocking of transcription. Table 4 . Selected differentially expressed chromatin modifying enzymes and proteins in bladder cancer 5637 cells in response to treatment with the heat shock protein 90 inhibitors AUY922 and ganetespib (STA9090).
In the present study, we detected 14 different types of histone PTMs on the N-terminal tails of core histones in AUY922-and ganetespib-treated 5637 cells, suggesting a key role for HSP90 in modulating dynamics of multiple PTMs at N-terminal tails. Histone modification in the N-terminal region has been called the "histone code" or "epigenetic code" 37 , which plays a central role in chromatin remodeling and gene transcriptional regulation. Herein, 47 PTM sites with 93 histone marks were identified in HSP90 inhibitor-treated 5637 cells, and surprisingly, 34 novel histone marks detected in this study have not been reported in any species before, suggesting profound epigenetic modulation by HSP90 inhibitors in bladder cancer cells [31] [32] [33] . For instance, 16 acetyl marks on the N-terminal tails of core histones were detected in AUY922-and ganetespib-treated 5637 cells, most of which are significantly increased (Fig. 5) . Histone acetylation relaxes chromatin condensation and exposes DNA to transcription factor binding, leading to an increase in gene expression 36 . Unexpectedly, we also observed that the acetylation levels of several acetyl marks were not increased (e.g., H4K8ac) or even were decreased (e.g., H3K23ac) after HSP90 inhibitor treatment, which may impact histone code-mediated epigenetic regulation of gene expression, leading to protein level changes. Moreover, in both AUY922-and ganetespib-treated 5637 cells, we identified the methylation of H3K4, H3K36, H3K79, H3K27, and H4K20. The methylation of H3K4, H3K36, and H3K79 has been shown to be involved in transcriptional activation, whereas the methylation of H3K27 and H4K20 is involved in transcriptional repression 36 . In addition to histone lysine acetylation and methylation, we also detected several types of less well understood histone lysine coenzyme A-dependent acylations, including butyrylation, 2-hydroxyisobutyrylation, malonylation, propionylation, and succinylation 31, 32, 38 . Similar to acetylation, these acylations neutralize the positive charge of lysine, ostensibly weakening histone-DNA contacts. Although additional work is needed to ascertain the biological relevance of this extended family of histone lysine acylations, it may be that lysine acylation is a general means to facilitate DNA access for processes such as gene transcription and DNA replication and repair.
Besides histone PTMs, dynamic remodeling of chromatin by ATP-dependent chromatin-remodeling enzymes/complexes is also involved in regulating gene expression. In the current study, we found that HSP90 inhibition caused alterations in expression of multiple proteins in the chromatin-remodeling complexes, such as SWI/SNF and NuRD/Mi-2, suggesting a role for chromatin remodeling in gene expression in HSP90 inhibitor-treated 5637 cells. It is well-documented that chromatin remodelers are involved in disassembly and reassembly of chromatin structures, leading to turning on or turning off gene transcription 39, 40 . Recent studies further suggest that chromatin-remodeling systems are universally associated with enhancers and transcriptional response elements, thereby directly participates in the transcriptional regulation of gene expression [40] [41] [42] [43] . Although the mechanisms underlying the effect of HSP90 inhibitors on epigenetic modifications in bladder tumor cells are not understood, a growing body of evidence shows that pharmacological inhibition of HSP90 induces chromatin modifications indirectly through ubiquitin-dependent proteasomal degradation of chromatin-remodeling proteins and histone-modifying enzymes, hence altering the chromatin structure and histone code in cells 44, 45 . Combining our data discussed above, we propose a possible mechanism by which HSP90 inhibitors cause bladder cancer cell growth arrest and cell death as shown in Fig. 6 . In this model, HSP90 inhibitors selectively bind to HSP90, thereby inhibiting its chaperone function and promoting the degradation of oncogenic signaling proteins involved in tumor cell proliferation and survival. HSP90 inhibitors also modulate activation or repression of gene expression directly via regulation of several chromatin-remodeling proteins and histone-modifying enzymes [45] [46] [47] , or indirectly via degradation of transcriptional regulators and co-regulators, thus altering changes in the levels and activities of proteins involved in the intracellular signaling pathways of cell cycle progression, apoptotic cell death, DNA damage repair, oxidative stress, autophagy regulation, and endoplasmic reticulum (ER) stress, which are all associated with cell death. In the proposed signaling pathways depicted here (Fig. 6 ), AUY922 and ganetespib induce cell cycle arrest and apoptotic cancer cell death; cell cycle blockade not only causes cancer cell growth arrest, but prolonged cell cycle arrest also triggers cell suicide, usually in the form of apoptosis. In addition, the HSP90 inhibitors increase DNA damage directly or indirectly through ROS production, which in turn promotes apoptosis. On the other hand, AUY922 and ganetespib mediate cancer cell death via inducing autophagy or indirectly via ROS-mediated cell death through autophagy. Finally, HSP90 inhibition also causes accumulation of unfolded or misfolded proteins in the ER leading to ER stress and further triggering bladder carcinoma cell apoptosis 48, 49 . Because HSP90 inhibitors target cell survival and cell death through multiple closely related but distinct mechanisms, they may act collaboratively or synergistically to promote the apoptotic death of bladder cancer cells through these signaling pathways and their downstream molecular events.
In conclusion, our data demonstrate that HSP90 inhibitors exhibit potent antitumor activity against bladder carcinoma cells. Moreover, HSP90 inhibitors have differential effects on cell survival and death between human urothelial bladder cancer cells and nontumorigenic human uroepithelial cells. Proteomic data analyses further revealed alterations in protein expression involved in multiple biological functions and cell death-associated pathways in AUY922-and ganetespib-treated 5637 cells. More importantly, we found that both HSP90 inhibitors Table 5 . Summary of post-translational modifications (PTMs) identified on the core histones in AUY922-and ganetespib-treated bladder cancer 5637 cells. See Fig. 4A and B for details.
induced cytotoxicity and changes of protein expression in association with enhanced histone PTMs as well as altered levels of chromatin regulatory proteins in bladder cancer cells, reinforcing the chromatin modification activity of AUY922 and ganetespib through their HSP90 inhibition function, which subsequently impacts histone code-mediated epigenetic regulation [45] [46] [47] . Furthermore, our study identified 34 novel histone marks, and less than 5 hundred histone marks are detected within the first 50 years of histone biology (until 2015) 31, 32 . Thus, identification of the 34 new histone marks in this study is a significant advance to our understanding of "histone code" 37 . Given the known roles of histone marks in chromatin structure and function, the newly identified histone marks are likely to possess functions in transcriptional regulation and cellular metabolism. More studies may need to focus on these PTM marks in core histones, to explore the epigenetic mechanism of HSP90 inhibitor-mediated treatment of bladder tumors. Better understanding of the epigenetics underlying the HSP90 inhibition in bladder cancer may lead to the development of new treatment strategies with HSP90 inhibitors in combination with other drugs targeted at modulating relevant cell growth and death pathways 50, 51 or at inhibiting regulatory enzymes in PTMs 52, 53 , augmenting HSP90 inhibition-mediated bladder cancer therapeutics.
Methods
Chemicals and reagents. The CellTiter 96 Aqueous ONE Solution Cell Proliferation Assay was purchased from Promega Corp. (Madison, WI, USA). NVP-AUY922 (AUY922) (>99% purity) was from Selleckchem.com (Houston, TX, USA). Ganetespib (STA9090) (98.79% purity) and SNX2112 (98% purity) were purchased from ApexBio (Houston, TX, USA). AT13387 (>98%) was from MedChem Express (Princeton, NJ, USA), CUDC305 (>98% purity) was from AbMole BioScience (Houston, TX, USA), and dimethyl sulfoxide (DMSO) was from Sigma-Aldrich (St. Louis, MO, USA). AUY922, ganetespib, SNX2112, AT13387, and CUDC305 were dissolved in DMSO separately and stored at −20 °C. Polyclonal antibodies against histone H3, H4, H3K4me3, H3K18ac, and H4K12ac were purchased from Abcam (Cambridge, MA, USA). Monoclonal or polyclonal antibodies against acetyl-histone H3, acetyl-histone H4, and H3K27ac were bought from EMD Millipore Corporation (Billerica, MA, USA). Monoclonal or polyclonal antibodies against histone H3K4me1, H3K4me2, H3K23ac, H3K79me1, H3K79me2, H4K8ac, and H4K20me3 were obtained from Cell Signaling Technology (Danvers, MA, USA). Restore Western Blot Stripping Buffer was from Thermo Scientific (Rockford, IL, USA). All other reagents were from Sigma-Aldrich.
Cell culture and cell proliferation assay. The human bladder cancer cell line 5637 (HTB-9) was purchased from the American Type Culture Collection (Manassas, VA, USA). The cell line was grown in minimum essential medium (MEM), supplemented with 10% fetal bovine serum, 50 IU/ml penicillin, and 50 μg/ml streptomycin (Life Technologies; Carlsbad, CA, USA), at 37 °C in a humidified atmosphere with 5% CO 2 . The anti-proliferative effects of AUY92, ganetespib, SNX2112, AT13387, and CUDC305 were assessed using an MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)-based assay (Promega), as previously described 54 . In brief, 5637 bladder carcinoma cells (5 × 10 3 cells/well) were evenly seeded in 96-well plates with 100 µl of medium for 24 h, and then treated with AUY922, ganetespib, SNX2112, AT13387, or CUDC305 at the indicated concentrations (0, 0.01 nM, 0.1 nM, 1 nM, 10 nM, 100 nM, 1 μM, 10 μM, and 100 μM) in 100 μl of medium for 24, 48, or 72 h. At the end of incubation, 20 μl of CellTiter 96 Aqueous One Solution reagent were added to each well of the assay plates containing the treated and untreated cells in 200 μl of culture medium, and the plates were incubated at 37 °C and 5% CO 2 for 2 h. The optical density at 490 nm was determined using a 96-well iMark TM Microplate Reader (Bio-Rad Laboratories; Hercules, CA, USA). Proliferation rates were calculated from the optical densities of the HSP90 inhibitor-treated cells relative to the optical density of DMSO-treated control cells with no HSP90 inhibitor exposure (control value, 100%). The half-maximal inhibitory concentration (IC 50 ) values for AUY922, ganetespib, SNX2112, AT13387, and CUDC305 at 24, 48, and 72 h in the 5637 cell line were calculated using GraphPad Prism version 6.01 (GraphPad Software; La Jolla, CA, USA) software. IC 50 was considered as the drug concentration that decreases the cell count by 50%. 5-1 μM) , the 5637 cells were harvested, and whole cell protein lysates were prepared for western blot analysis of histone acetylation and methylation as described in the "Methods". Equal protein loading was verified by using an anti-histone H3 or anti-histone H4 antibody. The levels of histone acetylation or methylation were visualized by enhanced chemiluminescence. STA9090, ganetespib. To assess the effect of HSP90 inhibitors on cell death via apoptosis, we measured the activity of caspases 3 and 7 in HSP90 inhibitor-induced apoptotic cells using the Celigo image cytometer. 5637 and SV-HUC cells were seeded overnight at 1 × 10 4 cells per well. Cells were incubated with AUY922 (10 nM), ganetespib (10 nM), SNX2112 (100 nM), or AT13387 (100 nM) for 48 h, and then stained with Nexcelom ViaStain TM Caspase 3/7 reagent (Nexcelom, Cat # CSK-V0002-1) and Hoechst 33342 (Nexcelom, Cat # CS1-0128), according to the manufacturer's protocol. Staurosporine (10 μM) was used as a positive control. Apoptotic caspase 3/7 positive cells were identified by Celigo imaging cytometry, and live and dead cell counts as well as the percentage of caspase 3/7 positive cells were calculated with the Nexcelom Celigo software.
Preparation of protein extraction, separation of proteins, and in-gel tryptic digestion. The 5637 bladder tumor cells were treated with AUY922 (100-250 nM) or ganetespib (0.5-1 μM) for 24 h, the monolayer cells were rinsed 3 times with cold PBS, and cells were then harvested. Total protein extraction from cell pellets was prepared by the following method. In brief, cell pellets were lysed in 0.4 ml lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM Na 2 EDTA, 1 mM EGTA, 1% Triton X-100, protease inhibitor cocktail pill). After cells were lysed, 50 μl of 10% SDS and 50 μl of 1 M DTT were added into the mixture followed by incubation at 95 °C for 10 min. The extraction was then sonicated and centrifuged at 15,000 × g for 10 min. Supernatants were collected and stored at −80 °C for further analysis. The protein concentration of the supernatants was determined by a BCA ™ Reducing Reagent compatible assay kit (Thermo Scientific; Rockford, IL, USA).
Equal amounts of protein (130 μg) from each sample were fractioned by separation on a NuPAGE 4-12% Bis-Tris Gel (Life Technologies; Grand Island, NY, USA). Sixteen gel fractions from each lane representing one sample were treated with DTT for reduction, then iodoacetamide for alkylation, and further digested by trypsin in 25 mM NH 4 HCO 3 solution. The digested protein was extracted, and the extracted peptides were dried and reconstituted in 20 μl of 0.1% formic acid before nanospray HPLC-MS/MS analysis was performed.
Nanospray HPLC-MS/MS analysis. Sixteen tryptic peptide fractions from one cell sample were analyzed sequentially using a Thermo Scientific Q-Exactive hybrid Quadrupole-Orbitrap Mass Spectrometer equipped with a Thermo Dionex UltiMate 3000 RSLCnano System. Tryptic peptide samples were loaded onto a peptide trap cartridge at a flow rate of 5 μl/min. The trapped peptides were eluted onto a reversed-phase 25 cm C18 PicoFrit column (New Objective; Woburn, MA, USA) using a linear gradient of acetonitrile (3-36%) in 0.1% formic acid. The elution duration was 110 min at a flow rate of 0.3 μl/min. Eluted peptides from the PicoFrit column were ionized and sprayed into the mass spectrometer, using a Nanospray Flex Ion Source ES071 (Thermo) under the following settings: spray voltage, 1.6 kV and capillary temperature, 250 °C. The Q Exactive instrument was operated in the data dependent mode to automatically switch between full scan MS and MS/MS acquisition. Survey full scan MS spectra (m/z 300-2000) were acquired in the Orbitrap with 70,000 resolution (m/z 200) after Figure 6 . The proposed potential mechanisms of heat shock protein 90 (HSP90) inhibition lethality in bladder carcinoma cells. This schematic diagram shows that HSP90 inhibitors can substantially alter cellular protein levels directly or indirectly through inhibition of HSP90 leading to rapid ubiquitinylation and degradation of oncogenic client kinases and proteins, or through induction of genetic and epigenetic regulation of gene expression leading to changes of protein levels. These proteins with altered expression are involved in the intracellular signaling pathways of cell cycle progression, apoptotic cell death, DNA damage repair, oxidative stress, autophagy regulation, and endoplasmic reticulum (ER) stress, which are all implicated in cancer cell death. Such a mechanism may serve to integrate the roles of proteasomal degradation, genetic modulation, and epigenetic modification in culmination in misregulating cellular protein expression and cell death, which may underlie the mechanism of HSP90 inhibitor-mediated protein level alteration and cell killing in bladder cancer cells. See the text for details. ROS, reactive oxygen species.
accumulation of ions to a 3 × 10 6 target value based on predictive AGC from the previous full scan. Dynamic exclusion was set to 20 sec. The 12 most intense multiply-charged ions (z ≥ 2) were sequentially isolated and fragmented in the Axial Higher energy Collision-induced Dissociation (HCD) cell using normalized HCD collision energy at 25% with an AGC target 1e5 and a maxima injection time of 100 ms at 17,500 resolution.
HPLC-MS/MS data analysis.
The raw MS files were analyzed using the Thermo Proteome Discoverer 1.4.1 platform (Thermo Scientific; Bremen, Germany) for peptide identification and protein assembly. For each cell sample, 16 raw MS files obtained from 16 sequential LC-MS analyses were grouped for a single database search against the Human UniProtKB/Swiss-Prot human protein sequence databases (20597 entries, 12/20/2013) based on the SEQUEST and percolator algorithms through the Proteome Discoverer 1.4.1 platform. Carbamidomethylation of cysteines was set as a fixed modification. The minimum peptide length was specified to be five amino acids. The precursor mass tolerance was set to 15 ppm, whereas fragment mass tolerance was set to 0.05 kDa. The maximum false peptide discovery rate was specified as 0.01. The resulting Proteome Discoverer Report contains all assembled proteins (a proteome profile) with peptides sequences and matched spectrum counts. Three proteome profiles were generated for the untreated control cells and two HSP90 inhibitor-treated cell samples.
Protein quantification. Protein quantification used the normalized spectral abundance factors (NSAFs) method to calculate the protein relative abundance 55, 56 . To describe quantitatively the relative abundance, the ppm (part per million) was chosen as the unit and the 1,000,000 ppm value was assigned to each proteome profile. A ppm value at the range of 0 to 1,000,000 ppm for each identified protein in each proteome profile was calculated based on its normalized NSAF.
The ppm was calculated as follows:
where RC N is the relative concentration of protein N in the proteome of test sample; NSAF N is the protein's normalized spectral abundance factor; and N is the protein index. NSAFs were calculated as follows:
where N is the protein index; S N is the number of peptide spectra matched to the protein; L N is the length of protein N (number of amino acid residues); and n is the total number of proteins in the input database (proteome profile for one cell sample). The ratio of HSP90 inhibitor treated versus untreated control was defined as 1000 if the protein was not identified in untreated control, or as 0.001 if the protein was not identified in HSP90 inhibitor-treated sample.
Signaling pathway analysis. Cell functions are executed and regulated by the proteome. The regulation of different cellular functions has been categorized into a number of pathways, such as cell cycle and apoptosis signaling pathways. To facilitate the proteomic analysis of the activation strength of a pathway, the pathway protein components, according to their functions, were designated as ligands, receptors, activating regulators, inhibitory regulators, or effectors, and their relative abundances (ppm) were summed. The protein list for all analyzed pathways and processes was obtained from the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database (http://www.genome.jp/kegg/pathway.html), and their functional annotations were manually confirmed using the UniProtKB protein database and the NCBI protein database or available publications. The Ingenuity Pathway Analysis (IPA) program (http://www.ingenuity.com) was used to extract interactive networks among the proteins. A network with a score >2 was considered valid.
Western blot analysis. The 5637 cells were exposed to AUY922 (100-250 nM), ganetespib (0.5-1 μM), or SNX2112 (0.5-1 μM) for 12-24 h. Then the cells were harvested and lysed with 200 μl of RIPA lysis buffer containing 50 mM Tris-HCl (pH 7.4), 1.0% NP-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM aprotinin, 1 μg/ml PMSF, leupeptin, and pepstatin. The protein concentration was quantified by BCA assay, and equal amounts of protein (30 μg) from the untreated control and treated cells were boiled for 5 min in Laemmli buffer, separated by 4-12% SDS-PAGE, and transferred to a polyvinylidene difluoride (PVDF) membrane (Life Technologies). The blots were probed with primary antibodies against acetyl-histone H3, H3K4me1, H3K4me2, H3K4me3, H3K18ac, H3K23ac, H3K27ac, H3K79me1, H3K79me2, acetyl-histone H4, H4K8ac, H4K12ac, and H4K20me3, followed by secondary AP-conjugated antibodies. The blots were stripped with Restore Western Blot Stripping Buffer, and reprobed with an anti-histone H3 or anti-histone H4 antibody as a loading control. The immunoreactivity was visualized by enhanced chemiluminescence (Life Technologies).
Statistical and bioinformatic analysis.
All quantitative values are presented as means ± standard deviation (SD) and compared among groups using two-way analysis of variance (ANOVA). All analyses were performed on SPSS 18.0 (SPSS, Chicago, IL, USA) for Windows. Student's t-test was used to analyze the statistical significance of differences between untreated controls and HSP90 inhibitor-treated groups, or between HSP90 inhibitor-treated 5637 cells and HSP90 inhibitor-treated SV-HUC cells. All P values were determined using a two-sided test, and P < 0.05 was considered to indicate significance. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were performed using DAVID bioinformatics
